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An experimental investigation of the internal magnetic field topography
of an operating Hall thruster
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Magnetic field measurements were made in the discharge channel of the 5 kW-class P5
laboratory-model Hall thruster to investigate what effect the Hall current has on the static, applied
magnetic field topography. The P5 was operated at 1.6 and 3.0 kW with a discharge voltage of 300
V. A miniature inductive loop probe~B-Dot probe! was employed to measure the radial magnetic
field profile inside the discharge channel of the P5 with and without the plasma discharge. These
measurements are accomplished with minimal disturbance to thruster operation with the High-speed
Axial Reciprocating Probe system. The results of the B-Dot probe measurements indicate a change
in the magnetic field topography from that of the vacuum field measurements. The measured
magnetic field profiles are then examined to determine the possible nature and source of the
difference between the vacuum and plasma magnetic field profiles. ©2002 American Institute of
Physics. @DOI: 10.1063/1.1507771#
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I. INTRODUCTION

The requirements of a spacecraft propulsion system
new mission profiles have increased recently beyond the
rent level of existing technology. An example of one recen
prescribed requirement is for a propulsion system to ope
in ‘‘dual-mode.’’ Dual-mode is the ability of a thruster t
operate efficiently in both a high-thrust and low-specific i
pulse mode~e.g., for orbit transfer operations! and a high-
specific impulse and low-thrust mode~e.g., for
station-keeping!.1,2 Other design drivers for advanced spa
propulsion systems revolve around human space explora
A piloted mission to Mars, for example, would require
reliable propulsion system with high power, high perfo
mance, and long life.

A favorable candidate for these types of missions is
closed-drift Hall thruster. A Hall thruster is a coaxial plasm
device in which an applied magnetic field effectively tra
electrons in the discharge channel of the thruster. The e
trons are usually emitted from an external cathode whil
magnetic circuit composed of electromagnetic solenoids
pole pieces typically creates the applied magnetic field. T
magnetic circuit of a typical Hall thruster produces a rad
magnetic field topography at the exit of the discharge ch
nel with peak fields on the order of a few hundred-gauss
the magnetic field topography in the discharge channe
designed properly, the accelerating ions will experienc
focusing effect through what is referred to as a magn
lens.3

One of the main characteristics of a Hall thruster is
azimuthally drifting electrons. These electrons form a reg
of azimuthal current in the discharge channel that is typica
on the order of 5–10 times the discharge current. This e
mate is based on Hall parameters expected in Hall thru
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4351070-664X/2002/9(10)/4354/9/$19.00
r
r-

y
te

-

n.

e

c-
a
d
e
l
-

If
is
a
ic

e
n
y
ti-
er

discharge chambers; e.g., 200–300.4 This estimate can lead
to Hall currents on the order of 150 A for a 5 kW Hall
thruster.

Recent plasma measurements inside the discharge c
nel of the P5 as well as in other laboratory Hall thruste
indicate that the true, effective Hall parameter ranges fr
10–20 near the anode to approximately 1000 in the accel
tion region.5,6 These results suggest that the Hall current m
be larger than previously thought, and that the induced m
netic field could impact the applied magnetic field topog
phy significantly. As the magnitude of the Hall current i
creases at higher thruster power levels, the effects of
self-magnetic field induced by the Hall current may beco
important. As the self-magnetic field magnitude increas
the effect on the magnetic circuit applied field topography
greater, thus decreasing the chances of maintaining the
sired magnetic lens profile in the discharge channel. In
signing next-generation Hall thrusters, the magnetic field
pography for a given magnetic circuit design can
predicted with great precision by using three-dimensio
~3D! magnetostatic computer codes. However, to predict
magnetic field topography during thruster operation ac
rately, a better understanding of the effects of the magn
field induced by the Hall current is needed.

The University of Michigan Plasmadynamics and Ele
tric Propulsion Laboratory~PEPL! has endeavored in th
past to develop and improve plasma diagnostic technique
be used on plasma propulsion systems.7–14 An attempt to
map the magnetic field topography near the exit of a D
Anode Layer Thruster~TAL ! was performed at PEPL.14 The
D-55 magnetic field measurements were limited to 15 m
downstream of the exit plane due to the large perturbation
thruster discharge current that resulted when the Hall pr
was moved closer to the thruster. It was concluded that
4 © 2002 American Institute of Physics



u
u

in
th
a

n
g

he

e-
ob
on
R
im
e
g

ti
e
ge

i-
o

io
te

e
na
f
th

o

0

ra

a

pe
n

ry
io
e

e
e
1.
er

b

ere
all
er-
to
ting
an

d a

pre-
5
har-
in
as

by

in-
ear
ific
A

lera-
he
sed

all

re-
ve
ent.
n.

xi-

d in

4355Phys. Plasmas, Vol. 9, No. 10, October 2002 An experimental investigation of the internal magnetic field . . .
Hall probe was entering the Hall current region and th
disrupting the stable operation of the thruster. To contin
the research effort initiated by the D-55 very-near-field
vestigation, and to gather knowledge on the effects of
self-induced magnetic field at high power operation for
Stationary Plasma Thruster~SPT!, a miniature inductive loop
probe~B-Dot probe! system was developed and used in co
junction with the PEPL High-speed Axial Reciprocatin
Probe~HARP! system to map the radial magnetic field of t
P5 Hall thruster.

The University of Michigan’s HARP system was d
signed to address concerns associated with placing pr
within the plasma of an operating Hall thruster. These c
cerns include probe life and thruster perturbation. The HA
system provides a unique opportunity to incorporate a t
response B-Dot probe by virtue of its motion. B-Dot prob
are typically used for pulsed and inductive plasma dischar
with time-varying magnetic fields.15–17However, by combin-
ing the high speed characteristics of the HARP table (dx/dt)
with the B-Dot probe response to a time-varying magne
field (dB/dt), one can measure a change in a magnetic fi
magnitude (dB/dx) as the probe is swept into the dischar
channel of the thruster.

This article will briefly describe the experimental facil
ties, the Hall thruster, and the HARP system. The theory
inductive loop operation is reviewed, as are the construct
set-up, and calibration of the B-Dot system. The thrus
magnetic field profiles both in vacuum and in the presenc
the plasma discharge are presented and discussed. Fi
several avenues are investigated to examine the nature o
observed change in the magnetic field profiles between
vacuum and plasma conditions.

II. EXPERIMENTAL APPARATUS

A. Vacuum facilities

All the experiments were conducted in the University
Michigan’s Large Vacuum Test Facility~LVTF!, which has a
diameter of 6 meters and a length of 9 meters. Two 20
cubic feet per minute~CFM! blowers and four 400 CFM
mechanical pumps evacuate the LVTF chamber to mode
vacuum~30–100 mTorr!. To reach high vacuum, the LVTF
is equipped with seven CVI TM-1200 cryopumps, with
combined pumping speed of;500 000 l/s on air, and
;240 000 l/s on xenon. The cryopump system can be o
ated with any number of pumps in use. For the experime
reported here the LVTF was operated with only four c
opumps to match the operating conditions of pr
experiments.5,18 At the four-cryopump configuration, th
combined pumping speed of 140 000 l/s on xenon with
base pressure 1.631027 Torr was achieved. At an anod
mass flow rate of 10.2 mg/s and a cathode mass flow rat
0.6 mg/s, the operating pressure of the LVTF was
31025 Torr ~xenon!. The tank pressure during Hall thrust
operation at 1.6 kW was 6.631026 Torr ~xenon!. The Hall
thruster was mounted in the center of the vacuum cham
on an X-Y computer-controlled linear positioning system.
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B. Hall thruster

The experimental results presented in this paper w
conducted on the 5 kW-class laboratory model P5 H
thruster. The P5 Hall thruster was developed by the Univ
sity of Michigan and the Air Force Research Laboratory
serve as a test-bed for new diagnostics and for investiga
Hall thruster processes. Depicted in Fig. 1, the P5 has
outer diameter of 170 mm, a channel width of 25 mm, an
channel depth of 38 mm.

The P5 performance characteristics, presented in a
vious work,19 are comparable to commercially available
kW thrusters. Table I shows the measured performance c
acteristics of the P5 for the two operating conditions used
this experiment. The hollow cathode used for this test w
provided by the Moscow Aviation Institute~MAI !. The cath-
ode provides thermally emitted electrons to the discharge
a small disk of lanthanum hexaboride~LaB6!.

C. High-speed axial reciprocating probe

The HARP system consists of a LM1210 high-speed l
ear motor and encoder manufactured by Trilogy. The lin
encoder provides a linear resolution of 5 microns to a Pac
Scientific SC950 digital brushless servo drive controller.
computer controls the position, speed, acceleration, dece
tion, and sweep configuration for the HARP system. T
linear table is placed within a stainless steel shroud enca
with graphite plates to protect it from the plume of the H
thruster.

The primary issue involving internal probe measu
ments of a Hall thruster is the ability of the probe to survi
in the presence of the discharge plasma and Hall curr
Ablation of probe material also affects thruster operatio
Therefore, the main driving factor in determining the ma

FIG. 1. P5, 5 kW class laboratory model Hall thruster.

TABLE I. P5 thruster performance ranges for the experiments discusse
this work ~Ref. 19!.

Case
Vd

~V!
Id

~A!
Power
~kW!

Total
specific
impulse

~s!
Total

efficiency

~1! 300 5.4 1.6 1550 48%
~2! 300 10.1 3.0 1650 51%
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mum resonance time that a probe can remain in the disch
channel of a thruster is the characteristic time for probe m
terial ablation. The ablation time for 99%-pure alumina h
been determined to be approximately 150 ms for a 5 kW
plasma discharge.5 The time that the B-Dot probe spent
the discharge channel for these experiments was app
mately 80 ms610 ms. The peak velocity and acceleration
the HARP for these experiments was approximat
65.5 m/s and1130 to2100 m/s2, respectively.

Another important issue is the actual heating of t
probe during the sweep into the discharge plasma. If
probe resonance time in the discharge plasma is significa
long to allow the probe to heat up, thus changing the elec
cal characteristics of the probe’s circuit, the results of
mapped magnetic field profile for the plasma case may di
from that of the vacuum measurements. Employing the sa
method for estimating the amount of time before ablation
the probe material in a 5 kW plasma discharge,5 one can
determine a bulk heating of a probe of a given size, mate
discharge plasma parameters, and exposure time. It wa
termined analytically that the maximum increase in tempe
ture for a typical ceramic probe used during this investi
tion will be approximately 1.5 degrees per sweep. T
calculated temperature increase of the probe in the disch
plasma was relatively low; therefore no experimental m
surements of the probe temperature characteristics wer
tempted.

D. Inductive loop probe

The inductive loop probe is a well-established plas
diagnostic technique for time-varying magnetic fields. Ty
cal plasma discharges that make use of the B-Dot prob
technique include pulsed and inductive plasmas.15–17The ba-
sic operating principle of the B-Dot probe is based on
observation that current is induced in a conducting coil i
mersed within a time-varying magnetic field. The ensu
output voltage from the coil is proportional to its cros
sectional area (A), the number of turns in the coil (n), and
the time characteristic of the magnetic field (dB/dt). The
expression of the voltage output from a B-Dot probe is giv
as Eq.~1!

V5nA dB/dt. ~1!

Since Hall thrusters typically operate with a steady a
plied magnetic field, direct application of the B-Dot probe
problematic. To circumvent this issue, the HARP positi
system was used to provide a time-varying magnetic fi
signal by virtue of moving the probe into~and out of! the
applied, steady magnetic field. Therefore, by combining
motion of a high-speed table (dx/dt) with the integrated
signal of a B-Dot probe in a time-varying magnetic fie
(dB/dt), one is able to measure the DC applied magne
field as the probe is swept into and out of the Hall thrus
discharge channel.

A dual-supply integrator that incorporates an Analog D
vices AD549 ultra-low input bias current operational amp
fier and an AD624 precision instrumentation amplifier w
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chosen to integrate the B-Dot probe raw signal. The exp
sion of the integrated output voltage from a B-Dot probe
shown in Eq.~2!

V5
nA

RCG
B, ~2!

where theG is the amplifier gain,RC is the integrator resis-
tance and capacitance, respectively, andB is the magnetic
field strength. The amplified voltage output from the B-D
probe integrator circuit was recorded with a Tektronix TD
540 digital oscilloscope in high-resolution acquisition mod
The data were then downloaded to a computer for proc
ing.

The B-Dot probe support structures used for this inv
tigation were constructed of 99% alumina ceramic tubes
high-temperature ceramic paste. A number of probe confi
rations were built evaluated for this effort. The inductiv
loops were wound with 38 and 40 gauge magnetic wires w
enamel nonconductor coatings. The coils used in this inv
tigation were wound around 1.6–2.5 mm diameter alum
ceramic tubes 2.2–2.5 mm in length. The number of turns
the probe coils ranged from 89 to 136. The average d
collection area of the probes used in this investigation w
3.3 mm2 over an average length of 2.35 mm. The final d
mensions of the B-Dot probes, including a protective layer
99% alumina ceramic, used in this investigation ranged fr
4 to 4.3 mm in diameter and 4–4.2 mm in length.

Figure 2 shows the mapped area inside the discha
channel of the P5 thruster. The B-Dot probe was axia
swept from 150 mm downstream of the exit plane to 10 m
downstream of the anode. This axial sweep profile was
peated for three radial positions, 3.81 mm from the inn
wall, the centerline~at 12.7 mm!, and 3.81 mm from the
outer wall of the discharge channel. In an attempt to mi
mize the heating of B-Dot probe between sweeps, the pr
home position was set to 152 mm downstream of the thru
exit plane. The cathode plane was located 50 mm do
stream of the thruster exit plane and was oriented 4
counter-clock wise from the plane mapped. The results p
sented in this paper will cover the first 100 mm downstre
of the anode.

FIG. 2. B-Dot probes mapped area inside and outside of the P5 disch
channel.
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III. RESULTS AND ANALYSIS

A. Calibration of B-Dot probe

The initial goal of this experiment was to calibrate t
B-Dot probe and integrator circuit with an electric and ma
netic field (E3B) source. The idea behind theE3B source
was to approximate, under a controlled and understood m
ner, the fields that the B-Dot probe would experience wh
the probe was traveling through the discharge channel o
operating thruster. TheE3B source was comprised of tw
electromagnetic coils, to provide the magnetic field, and t
parallel plates for the electric field. The configuration of t
E3B source can be seen in Fig. 3.

The magnetic field of theE3B source was first mappe
using a NIST-traceable Walker Scientific MG-5DAR Ha
probe. Then the B-Dot probe and HARP systems were c
figured to measure theE3B source with the applied mag
netic field, or the applied magnetic field with a static or tim
varying electric field. A time-varying electric field wa
simulated to approximate the oscillations of the discha
plasma in a Hall thruster during normal operation. All p
rameters of the B-Dot probe and HARP, such as speed,
celeration, deceleration, probe sweep length, and trans
sion line length that would be used during experiments w
the P5 were used in the calibration runs.

Figure 4 shows the measured magnetic field profile
the E3B source as measured by the B-Dot and Hall pro
at atmospheric pressure with and without an applied stati

FIG. 3. TheE3B source configuration.

FIG. 4. B-Dot and Hall probe measurements of theE3B source at atmo-
spheric pressure$I Coil59 A%.
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time-varying ~11 kHz! electric field of 15 kV/m. The peak
electric field, which resides in a small region of the discha
chamber at the onset of the acceleration zone, can reac
kV/m at 300 volts and 5.4 A, and 20 kV/m at 300 volts a
10 A according to the internal emissive prob
measurements.5,18 The 15 kV/m that was used during th
calibration of the B-Dot probes should still indicate if th
B-Dot probes are influenced by the presence of a st
steady or time-varying electric field. The measured data p
sented in Fig. 4 are composed of five sets of B-Dot tra
averaged together at the sameE3B source input settings
Figure 4 also contain the Hall probe traces of theE3B
source at the two investigated conditions. As can be see
Fig. 4, the B-Dot probe captured the profile and magnitu
of the E3B source. The presence of the 15 kV/m static a
time-varying electric fields had no noticeable influence
the measured magnetic field from the B-Dot probe.

B. Vacuum field measurements with B-Dot probe

The vacuum magnetic field profiles of the P5 thrus
were mapped using the B-Dot and HARP systems along
radial and axial positions described earlier. Two thrus
power levels were investigated; 1.6 and 3.0 kW, both a
discharge voltage of 300 V. The inner and outer electrom
netic coils were operated in a manner that minimized
discharge current of the thruster. Once these coil curre
were determined for both power levels, the P5 discharge
extinguished while the magnets were left on for vacuum fi
measurements.

The B-Dot and Hall probe vacuum field measureme
of the P5 at coil current settings for 1.6 and 3.0 kW a
shown in Figs. 5 and 6, respectively. The thruster exit pla
and the mid-plane of the magnetic circuit outer and inn
front poles are labeled in these figures. Once again, e
B-Dot profile presented represents the average of 5 or m
data sweeps. All trends observed in individual B-Dot swee
are captured in the average profile. Figures 5 and 6 show
magnetic field profiles measured with the B-Dot probe ma
those of the NIST-traceable Hall probe for both coil settin

C. Magnetic field measurements with discharge

The discharge channel radial magnetic field with the
thruster operating at 1.6 and 3.0 kW was mapped at th
radial positions. The P5 was operated for a minimum of fo
minutes before B-Dot sweeps were made to allow the eng
to reach thermal equilibrium; i.e., when the electromagne
coil voltages of the magnetic circuit stabilized. This step w
conducted to ensure that any anomalies measured with
B-Dot probe were not due to thermal expansion of the m
netic circuit components throughout the duration of the
periment. The results of the B-Dot probe sweeps for the
kW thruster power level~300 volt, 5.4 A! are shown in Fig.
7. Figure 7 also contains a plot of the thruster discha
current as a function of probe position and the correspond
bench top Hall probe magnetic field measurements. As
be seen in Fig. 7, the magnitude and profile of the magn
field in the discharge channel of the P5 Hall thruster w
influenced by the presence of the plasma discharge.
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The B-Dot probe results for a 3 kW plasma, the vacu
Hall probe measurements, and thruster discharge current
at three different radial positions for the 3.0 kW power lev
are shown in Fig. 8. Once again the B-Dot profiles with t
thruster operating at 3.0 kW differ from those in vacuum
the identical magnet settings. There are several possible
planations to account for these measured differences in
magnetic field profiles. The first and foremost explanati
assuming that the B-Dot probe is functioning properly, is
effect of the azimuthal electron drift~Hall current! self mag-
netic field. As discussed earlier, the Hall current of a clos
drift thruster can be 5–10 times the discharge current4 or in
light of recent internal plasma parameter measuremen5

possibly much higher.
In both the 1.6 kW and the 3.0 kW cases we see that

B-Dot probe magnetic field profiles with the dischar
plasma closely match the vacuum field profiles along
inner wall of the discharge channel. However, the profiles
significantly different near the outer wall of the dischar
channel and particularly along the center of the channel.
largest difference in the profiles occur slightly downstre
of the thruster exit plane. In the 1.6 kW results, there i
spike in the measured magnetic field 10 mm inside of

FIG. 5. Vacuum magnetic field profiles of the P5 at 1.6 kW$I in52 A,
I out51 A%.
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discharge channel. A characteristic spike exists in the 3.0
data as well; however, in this case the spike is 7 mm ins
the thruster channel. Neither of these spikes nor the la
increases in the B-Dot magnetic field profiles correspond
locations of peak electric fields in the thruster.5 The peak
electric fields of the P5 are located approximately 5 m
inside the discharge channel for the 1.6 kW thruster pow
level and approximately 2 mm inside the channel for the
kW power level18 ~data not shown!. Thruster discharge cur
rent was recorded as the probe entered the discharge ch
for the two power conditions investigated and are shown
Figs. 7 and 8. The maximum disturbance to the thruster
charge current was 8%; during the centerline sweep at
1.6 kW power level. The axial region where the great
perturbation in the thruster discharge current was recor
corresponds to a drop in the measured magnetic field pro
for each of the three radial sweeps for the 3.0 kW test c
dition. This can also be seen in the outer wall sweep of
1.6 kW case. A possible explanation for these features is
the probe is blocking the natural path of the Hall current
the thruster channel. This explanation can also be argue
the greater perturbation to the thruster discharge current
the centerline and outer wall sweeps, since this region of

FIG. 6. Vacuum magnetic field profile of the P5 at 3.0 kW$I in53 A,
I out52 A%.
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discharge channel is where most of the Hall current is for
P5 thruster.5

Another possible explanation, though less likely, for t
observed disturbances in the discharge current is therma
pansion of the magnetic circuit. However, this prospect w
investigated by measuring the vacuum field profiles of
thruster before and immediately after the thruster was o
ated for an extended amount of time. No discernable chan
in the vacuum field profiles were observed during the ana
sis of the data~not shown!.

One final possibility for the measured difference in t
results from the vacuum and plasma discharge profiles is
the B-Dot probe output voltage is perturbed by the high el

FIG. 7. B-Dot probe magnetic field data at 1.6 kW and thruster discha
current as a function of probe position.
e

x-
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e
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tric field in the discharge channel of the thruster. Seve
precautions were addressed during the fabrication and
bration of the B-Dot probe system. The first was to place
integrator circuit as near as possible to the probe, wh
meant that the integrator was located in the shroud that c
ers the HARP table. There was no indication, from the ba
line sweeps of the HARP table and the B-Dot system,
electrostatic interference in the probe or the circuit from
operation of the HARP table alone. Another precaution
dressed was to add a low resistance to the output of
B-Dot probe through the selection of the transmission lin
and circuit design, thus effectively providing the B-D
probe with a voltage divider for any unavoidable electr

eFIG. 8. B-Dot probe magnetic field data at 3.0 kW and thruster discha
current as a function of probe position.
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static pickup.15 The final precaution was to calibrate th
B-Dot system with anE3B source as described earlier.
was shown in Fig. 4 that as the B-Dot probe swept theE
3B source with either a known applied magnetic, static
time-varying electric fields that there was no indication
the probe being affected by the presence of a large ele
field.

IV. DISCUSSION

To understand the data presented in this paper sev
avenues were investigated. The first approach was to m
use of recent Hall parameter calculations inside the disch
chamber of a Hall thruster,5,6 which determined that the Ha
parameter could be as high as 1000 at the exit of the
charge channel. The Hall parameter is defined as the r
between the azimuthal electron current~Hall current, I Hall)
and transverse electron current (I ez) and the ratio of the
transverse current region (Aez) to the Hall current region
(AHall) as seen in the following expression:

V5
j Hall

j ez
5

I Hall

I ez

Aez

AHall
. ~3!

The axial electron current ranges from 25 to 30 perc
of the discharge current20 for the P5 Hall thruster. Assuming
the majority of the Hall current resides in a region near
exit of the discharge channel and encompasses the wid
the channel, and given a Hall parameter of 1000, we find
the Hall current is on the order of 90 A. A simple calculatio
for a self magnetic field, induced by the Hall current, can
made using the Biot–Savart law for a current flowing in
long straight wire. This first-order calculation yields an i
duced self-field of approximately 15 Gauss 7 mm dow
stream of the center of the prescribed Hall current region

The first order calculation of the self-field does not e
press the overall mechanism of the induced magnetic fi
profile in a Hall thruster. The Hall thruster applied magne
field topography is a consequence of the design of the
tem’s magnetic circuit. It is known that changing one co
ponent of the magnetic circuit~e.g., screen length, thicknes
or width! could lead to considerable modification to the ma
netic field topography in the channel of a thruster.21 To ad-
dress the concerns of a self-field influence on the app
magnetic field, a 3D magnetostatic simulation using Ma
net6 by Infolytica was performed. Figure 9 is an illustrati
of the 3D model used in the simulation.

The model of the P5 Hall thruster, presented in Fig.
was created to simulate the influence that the Hall curr
self-field has on the applied magnetic field from the reg
10–100 mm downstream of the anode. The area of inve
gation continued past the exit of the discharge channel s
it has been shown that a good portion of the ion accelera
occurs past the thruster exit.5,22 Therefore, this region was
investigated as another source of self-field for the thrus
The 3D model also took into account the influence of
induced self-fields from each Hall current region on a sin
point of interest. The Hall current for this simulation wa
determined in a similar manner as in the first order calcu
tion presented above, except five sets of Hall parameter
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across the channel width and ranging from 10 to 100 m
downstream of the anode was used. To reduce the comp
tional time and model complexity, the calculated Hall curre
profiles were interpolated to 90 regions, approximately 5 m
by 5 mm each, as seen in Fig. 9. The sum current for all
Hall current regions inside and outside of the discharge ch
nel equated to a total Hall current of 156 A, which w
different than the predicted 27–54 amps for the P5 opera
at 5.4 A.4 The ratio of the Hall to the discharge currents f
the calculated Hall current above wasI Hall /I d528.8. This
ratio indicated that the average Hall parameter for the
thruster, for the 90 regions method, was approximately 4
('478). The main difference in the Hall parameter for t
P5, as compared to the value given by Kim,4 was that the
calculation of the Hall parameter accounted for the ion
celeration that occurs downstream of the exit plane. Fig
10 illustrates the axial profiles of the calculated Hall curre
for five radial sweeps across the discharge channel and
sum of the Hall current as a function of axial position. T
self-field modeling results for the 300 V 5.4 A thruster di
charge condition is presented in Fig. 11.

As it can be seen in Fig. 11, the model predicts a cha
in the radial magnetic field profile along the center of t

FIG. 9. The 3D quarter model used in Magnet6 to simulate P5 self-fie

FIG. 10. The calculated Hall current radial profiles across the discha
channel and the sum of the profiles as a function of axial position~note that
the thruster exit is at 38 mm!.
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discharge channel. Similar results are obtained for the 30
and 10 A thruster condition~not shown!. However, these
observed changes are not as large as the measured field
files from the B-Dot probe. This could possibly be due to t
technique used to calculate the Hall current from the H
parameters, a problem with the calculated Hall paramet
or the B-Dot probe measurements.

Another issue that has not been discussed in this pa
so far, is the possibility of a dielectric sheath forming arou
the probe.23,24 Since the probe is constructed of a dielect
material and is inserted into the discharge plasma o
thruster, the azimuthal electron current would dominate
collisions with the probe’s surface thus establishing a ne
tive sheath that might redirect the Hall current around
probe. The threshold electron energy for the establishmen
an electron-repellant sheath for alumina has been meas
to be approximately 20 eV.24 According to the measuremen
by Haas in Ref. 5 the peak electron drift energy for the
kW case was upwards of 25 eV and the observed elec
thermal energy had a maximum of 40 eV. The presence
negative sheath encompassing the probe could increas
electron current density to ether side of the probe, ther
changing the normal Hall current profile, and therefore,
local magnetic field. The dielectric sheath thickness is on
order of a Debye length,25 which is approximately 0.05 mm
for the internal plasma parameters of the P5 thruster ope
ing a 1.6 kW.5 The sheath thickness is not large compared
the size of the probe, but the probe and the thin sheath c
sway the profile of the Hall current. A Magnet6 model w
created to test the possibility of this modified Hall curre
The results from the model~data not shown! did not indicate
a significant change in the self-field radial magnetic fie
profile as seen in Fig. 11. A final issue with a dielectric pro
is that it could be absorbing high-energy electrons and
emitting low temperature electrons through secondary e
tron emission.26 According to Ref. 24 the maximum secon
ary electron emission coefficient for alumina is 4.8 f
electrons impacting at normal incidence and at 1300 eV
the drift and thermal energies of the electrons measure
the P5 thruster~25–40 eV!, the general trend is for the sec
ondary electron emission coefficient to be less than unit24

The formation of a negative sheath around the probe wo
prohibit a majority of the primary electrons from reachin
the probe and thereby limit the influence of secondary e
tron emission.

FIG. 11. The simulated self-field for the P5 operating at 1.6 kW.
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The predicted thrust, for a Hall thruster, can be obtain
analytically from the magnetohydrodynamic~MHD! mo-
mentum equation shown in Eq.~4! and knowing the azi-
muthal Hall current (j Hall) in a given volume (V) and the
radial magnetic field~Br!:

F52¹P1rcE1 j3B. ~4!

Assuming that the electron pressure term (P) is small5

and a quasineutral plasma (c50), Eq. ~4! reduces to the
following j3B force.

Fy~r ,z!5 j Hall~r ,z!Br~r ,z!V~r ,z!. ~5!

Equation~5! can be used to calculate the thrust in ea
individual Hall current region, as described above, and th
the total thruster can be found by summing all the regio
The calculated thrust for the Hall current shown in Fig.
using Eq.~5! and the measured radial magnetic field profi
from the B-Dot probe at the 1.6 kW plasma case is appro
mately 300 mN, which is much greater than the measu
thrust of 98 mN.19 When the Hall current density profile
from Ref. 5 are combined with the vacuum magnetic fie
shown on Fig. 5, the resulting thrust predicted is 105 m
The conclusion of this exercise is that a Hall current tha
significantly large enough to produce the self-field observ
in the B-Dot probe traces would equate to a thrust tha
much larger than what is measured. However, other inve
gations have uncovered evidence that the Hall current m
be significant in some cases. One such investigation invol
the magnetic field integration impact testing of a D-55 TA
by NASA GRC for the RHETT2/EPDM program.27 The
magnetic dipole measured 1.28 m upstream of the thru
exit plane was observed to increase by 22% above
vacuum applied field during thruster operation at 300 V a
2.5 A. A Hall current of 50 A is required to produced th
observed change in the axial magnetic field.28 However, a
Hall current of this magnitude would produce a thrust of
mN, which is twice the measured thrust of 43.2 mN29

Clearly, further investigations are needed before our und
standing of the role that the Hall current plays in establish
the Hall thruster magnetic field topography becomes co
plete.

V. SUMMARY

The magnetic field topography of the P5 Hall thrus
was successfully mapped during operation of the thru
with a plasma discharge. The experimentally mapped m
netic field profiles along the width of the discharge chan
of a Hall thruster deviated from the vacuum field profil
previously measured with a Hall probe. The largest incre
observed was approximately 70 G~70%! on the centerline
sweep of the 1.6 kW operation condition. The Hall current
the P5 was then calculated from previously determined H
parameters and incorporated into a 3D magnetostatic m
to estimate the influence of the Hall current self-magne
field on the applied magnetic field topography. Thej3B
forces were then solved to establish if the Hall current
quired to influence the magnetic field topography, as
served in the B-Dot probe measurements, yields eng
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thrust levels that are consistent with those measured.
calculated thrust values from thej3B force were 2 to 3
times the actual measured values at the given operating
rameters. Several experiments and calculations were
ducted to test the B-Dot probe system reliability under
plasma conditions of a typical Hall thruster discharge. T
experiments and calculations did not demonstrate any c
clusive evidence of a flaw in the design or methodolo
utilized for measuring the magnetic field discussed in t
paper. Furthermore, the topic was complicated by docum
tation of independent nonintrusive magnetic dipole meas
ments of the D-55 TAL at NASA GRC. The magnetic dipo
measurements of the D-55 show a 22% increase of the m
sured magnetic dipole when the discharge was ignited.
clear that a better understanding of the influence of a H
thruster self-field is required if higher-power thrusters are
be developed.
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